antibiotic production were strain-dependent [3] rather than species-specific, implying the possibility of different strains of the same species producing same compounds less frequently. Thus novelty of compounds among different strains is theoretically more possible. Secondary metabolomes unexplored gene clusters of ubiquitous species of actinomycetes can drive the discovery of novel lead molecules [2] . However, only a small fraction of secondary metabolomes have been investigated till date, owing to the scarcity of efficient procedures to connect genes to molecules [4] , as many of the gene clusters encoded by Streptomycetes are not expressed under normal laboratory growth conditions. Minor changes in medium components Optimization of antibiotic production medium and fermentation conditions of Streptomyces parvulus strain sankarensis-A10 was studied using classical and statistical methods. After selection of the basal production medium, the effect of sea water and incubation time on antibiotic production was investigated by classical method. In the first step of optimization, factors that significantly affect antibiotic production such as starch, K 2 HPO 4 , FeSO 4 .7H 2 O, KNO 3 and pH were selected based on Plackett-Burman design. In the second step, three significant factors, starch, KNO 3 , pH, with a positive effect were optimized with a 33 factorial BoxBehnken design and analysed using response surface analysis. The optimal values for maximum antibiotic production were as follows, starch-20 g/l, pH-8.0 and KNO 3 -3 g/l. Under optimal conditions, the antibacterial activity was found to be 620 U/ml and 616.66 U/ml against Staphylococcus aureus and Escherichia coli, respectively, which indicated that the activity was 1.4 folds higher in contrast to antibacterial activity prior to optimization. TLC-based partial purification of crude extract and bioassay of the fractions revealed the presence of four active compounds with R f values of 0.275, 0.2, 0.125 and 0.062. These could probably be novel bioactive compound(s) in the crude extract, which could prove to be a novel source of antibiotics.
Essential or intentional stalling of novel drug discovery and development by the pharmaceutical industries due to economic and regulatory obstacles together with the worldwide escalation of emanation and spread of antimicrobial resistance (although a natural phenomenon) constitutes the greatest challenge to global public health today. Microbial natural products appear as the preponderant and promising source for developing future antibiotics [1] . Searching unexplored environments for novel actinomycetes has been the orientation of current antibiotic screening programs of natural product-based drug discovery. The marine environment in particular offers novel and chemically rich actinomycetes species [2] . Among actinomycetes, genus Streptomyces continues to be a rich source of novel bioactive compounds and many antibiotics remain unexplored. Most searches to discover novel compounds usually end up unfruitful as previously reported species and compounds repetitively get identified. In spite of taxonomic relatedness of the strains, nutritional requirements for growth and antibiotic production were strain-dependent [3] rather than species-specific, implying the possibility of different strains of the same species producing same compounds less frequently. Thus novelty of compounds among different strains is theoretically more possible. Secondary metabolomes unexplored gene clusters of ubiquitous species of actinomycetes can drive the discovery of novel lead molecules [2] . However, only a small fraction of secondary metabolomes have been investigated till date, owing to the scarcity of efficient procedures to connect genes to molecules [4] , as many of the gene clusters encoded by Streptomycetes are not expressed under normal laboratory growth conditions. Minor changes in medium components
Bioprocess Development Employing Design of Experiments for Antibiotic Production from Streptomyces parvulus Strain Sankarensis-A10
Sk. MOBEEN* AND G. GIRIJA SANKAR 5601) previously isolated, identified and reported from our laboratory [9] was used in the present study. All the chemicals/ingredients used in this study were of AR grade and purchased from HiMedia and SigmaAldrich.
Seed culture:
Spore suspension of S. parvulus strain sankarensis-A10 from 8-10 d old well sporulated slant was prepared in a 5 ml of sterile distilled water and aseptically transferred into 250 ml Erlenmeyer flasks containing sterile starch casein nitrate medium (45 ml) [10] prepared in 50 % v/v sea water, cultured aerobically at 28°, 150 rpm for three days until the cells reached logarithmic phase, then the culture (10.1×10 7 CFU/ml) was used as inoculum in all the experiments.
Antibacterial assay:
Antibacterial activity was assessed [11] against Escherichia coli (NCIM-2065) and Staphylococcus aureus (NCIM-2079) with inoculum size as per 0.5 McFarland standard (1×10 8 CFU/ml) using 50 µl of the clear supernatant of the fermented broth, incubated at 37° for 24 h and zones of inhibition were reported as U/ml as described by Maxwell et al. [12] .
Statistical analysis:
Design Expert ® 9.0 software version 9 (Stat-Ease Inc., USA) for windows was used for the experimental designs, statistical analysis and to plot threedimensional (3D) surface plots.
Optimization of PM, selection of basal medium:
S. parvulus strain sankarensis-A10 was cultured on six different basal media as given below to select the appropriate basal PM by comparative studies for the formulation, subsequent non-statistical and statistical optimization of PM. PM 1: yeast extract-0.5 %, casein-0.5 %, starch-2.0 %, dextrose-1.0 %, CaCO 3 -0.4 %, 50 % v/v sea water-100 ml, pH-7.0±0.2; PM 2: glucose-1.0 %, peptone-0.75 %, starch-1.0 %, meat extract-0.75 %, NaCl-0.3 %, 50 % v/v sea water-100 ml, pH-7.0±0.2; PM 3: tryptone-0.5 %, meat extract-0.3 %, dextrose-1.0 %, yeast extract-0.5 %, CaCO 3 -0.2 %, starch-2.5 %, 50 % v/v sea water-100 ml, pH-7.0±0.2; PM 4: starch-1.0 %, KNO 3 -0.2 %, casein-0.03 %, K 2 HPO 4 -0.2 %, NaCl-0.2 %, CaCO 3 -0.002 %, MgSO 4 .7H 2 O-0.005 %, FeSO 4 .7H 2 O-0.001 %, peptone-0.2 %, 50 % v/v sea water-100 ml, pH-7.0±0.2; PM 5: malt extract-1.0 %, yeast extract-0.4 %, dextrose-0.4 %, 50 % v/v sea water-100 ml, pHexert a huge impact on general metabolic profile of microorganisms as well as on quality and quantity of their secondary metabolites production. Particularly in case of antibiotics, interaction between growth metabolism and product secretion is critically affected by growth-limiting nutrient concentrations constituting an important pathway for survival [5] [6] [7] .
They use different metabolic pathways depending on the availability of different nutrient and fermentation conditions. The regulation of biosynthetic systems to maximally exploit the potential of the microorganisms through proper manipulation of fermentation conditions (temperature, pH, medium composition) might activate the key enzymes and/or instigate cryptic gene expressions provoking the silent or poorly expressed metabolic pathways that dominate antibiotic synthesis and can enhance the chances of discovery of novel lead molecules from their active fermentation extracts.
Secondary metabolite production differs with species and strains of microorganisms in virtue of medium components and their optimum levels, which are highly indispensable. Melioration of antibiotic production is imperative for achieving ample yield to evaluate its potentiality, novelty and ease the cost of production.
How to shorten the fermentation time of an actinomycete strain and increase the productivity of fermentation is still a challenge. However, studies on designing an appropriate production medium (PM) and fermentation conditions for the production of novel secondary metabolites from the ubiquitous species of actinomycetes are scanty.
Scientific and rational approaches of optimization of these conditions in biocontrol strain fermentation process greatly influence laboratory or industrial fermentation. Design-of-experiments (DOE) approach frequently deployed methods involving Plackett-Burman design (PBD) and response surface methodology (RSM), which lead the identification of key medium components and their optimal levels [8] were attempted in the present study to achieve improved antibiotic production with Streptomyces parvulus strain sankarensis-A10. Thin-layer chromatography (TLC)-directed partial purification and bioassay-based detection of active compounds present in the crude extract was also targeted.
MATERIALS AND METHODS
The isolate S. parvulus strain sankarensis-A10 (GenBank-KT906299, Culture Deposit No: NCIM-7.0±0.2; PM 6: peptone-0.5 %, glycerol-2.0 %, malt extract-0.3 %, yeast extract-0.3 %, CaCO 3 -0.25 %, 50 % v/v sea water-100 ml, pH-7.0±0.2. A quantity of 5 ml of the seed culture was inoculated in all the media (45 ml) contained in a 250 ml flask and incubated for 8 d at 28±2°, 150 rpm on the rotary shaker, then the culture free supernatant was assayed for antibacterial activity.
Effect of sea water and incubation period on antibiotic production:
Effect of sea water and incubation period on antibiotic production profile was assessed by using different concentrations of sea water (50, 60, 70, 80, 90, and 100 %, v/v) in combination with PM 4 (45 ml) inoculated with 5 ml of seed culture and cultured aerobically in a 250 ml flask at 28±2°, 150 rpm on an orbital shaker for 8 d. After 72 h and thereafter at 24 h intervals each flask was withdrawn, contents of the flask were centrifuged for 15 min at 8000 rpm, 4°; filtered and antibacterial activity of the clear supernatant was determined.
Selection of significant variables by PBD:
The PBD often called screening design [13] helps in selecting the most vital ingredients with significant main effect on bioactive metabolites production within a large candidate pool. Independent variables code and their selected levels were shown in Table 1 . The design matrix of PBD for carrying out the experiments were shown with each column representing a single variable while each row representing one trial, either high (1) or low (-1), within each experimental trail. Antibacterial activity (U/ml) was considered as response value.
Steepest ascent experiment:
On the basis of PBD results, significant variables which are essential to effectively simulate the real situation using RSM were further optimized along the steepest ascent path that can determine a suitable direction to rapidly move towards the neighbourhood of the optimum response, by slowly increasing or decreasing the concentrations of variables until no further increase in response was observed.
RSM [13] is a powerful compilation of efficient mathematical and statistical techniques widely applied in designing and analysis of fermentation process optimization in a multi-factor system to find the optimum conditions resulting enhanced yield. BoxBehnken design (BBD), a more efficient, convenient and economical among the other RSM methods best suited for the study. The most significant positively affecting independent variables obtained for antibiotic production in the PBD studies were selected for further optimization by RSM. The coded values of the BBD experiments are illustrated in Table 2 . A, B, C represented starch, KNO 3 , pH, respectively and the response value was represented by antibacterial activity (U/ml) and their levels were determined by steepest ascent experiment. Their optimum levels and interaction effects were further investigated by 3 3 factorial BBD. A total of 17 experimental trials were carried out, 5 trials were used as controls to estimate experimental error while 12 trials used different factors.
Experimental validation:
S. parvulus strain sankarensis-A10 was cultured in non-optimized and optimized production media, which yielded the maximum response for experimentally validation. The clear supernatant of the fermented broths were assayed for antibacterial activity.
Extraction, purification and antibacterial activity of metabolites:
The cell-free culture broth was extracted with ethyl acetate (1:1) twice, mycelium was washed twice with ethyl acetate followed by extraction with acetone once, and then samples were mixed, concentrated by rotary evaporation and the crude product was evaporated to dryness by pouring in to a Petri dish and kept inside a fume hood until dry. The crude extract was fractionated on TLC plate (silica gel 60 F254 aluminium sheets (Merck)) using chloroform and methanol (95:5) as mobile phase. R f values of the spots were calculated using one TLC plate as a reference under UV transillumination. The partially purified individual fractions recovered by scratching the TLC plates were tested for antibacterial activity.
Factor (g/l)
Code Levels Low (-1)
High ( 
RESULTS AND DISCUSSION
To improve the antibiotic production by actinomycetes, basal PM selection is a mandatory and significant step for formulation and further optimization of PM. Among the six different basal production media, S. parvulus strain sankarensis-A10 showed highest antibacterial activity (440±0.00 and 440±10.00 U/ml against E. coli and S. aureus, respectively) in PM 4 at 168 h and the results were shown in Table 3 . Therefore, PM 4 was chosen for further optimization studies by classical and statistical methods.
The highest antibacterial activity was obtained at 70 % v/v sea water concentration (Table 4) , which indicates that the production of antibiotic compounds by S. parvulus strain sankarensis-A10 was sea waterdependent. The antibacterial activity of the culture filtrate started after 72 h of fermentation, reached its highest after 168 h of incubation, so the fermentation was terminated after 168 h. Hence, modified PM (PM 4 prepared in 70 % v/v sea water) was used for further optimization studies.
Levels selection and evaluation of experimental variables effects were summarized in Tables 5 and 6 . As shown in Table 6 , the confidence level of factors starch (A), KNO 3 (C), K 2 HPO 4 (E), FeSO 4 .7H 2 O (H) and pH (K) were shown to be above 95 % and were considered to be significant. The factors casein (B), MgSO 4 .7H 2 O (G) and peptone (J) had a confidence level below 95 % in antibiotic production hence were considered insignificant. The data revealed that the factors NaCl (D), CaCO 3 (F) and level of inoculum (L) had the low confidence level with no obvious effects on antibiotic production, so they too were considered insignificant. Fig. 1 illustrated the relation between t-value (effect) vs. ranks according to their significance with a horizontal reference line to indicate the statistical significance (t=3.18245). Any effect that extends past this reference line is considered to be significant or vice versa with respect to E. coli. The main effect of each variable on antibacterial metabolites production against E. coli and S. aureus, respectively are shown in Table 6 . The significant variables (main effect) with a positive effect (A, C, K) were fixed at high level and increasing their concentrations should result in a higher antibiotic production. As per the steepest ascent path designed by considering the centre point of the PBD as the origin of the path shown in Table 7 , optimal fermentation conditions should be around run 4 and was hence considered as a centre point in BBD. A quadratic polynomial Eqn. was established to identify the variables, which exerted a negative effect (E, H) on antibacterial antibiotic production were maintained at low level for further optimization by steepest ascent design and RSM-BBD. Similar results were reported by El-Naggar et al. [14] .
PBD results indicated starch, KNO 3 and pH as significant positively affecting variables, thus the relationship between response and variables based on the experimental results of BBD (Table 8) and regression analysis ( pH, while the rest was held at the middle level ( fig. 2) . It is obvious from the plots that higher concentration of starch and lower concentration of KNO 3 , and pH favour higher antibacterial production. With the increase in the concentration of starch from 15 to 20 g/l (coded values, -1 to +1), the antibacterial activity gradually increased to a maximum at a low concentration of KNO 3 ( fig. 2a) . However, the antibacterial activity significantly decreased when the concentration of KNO 3 was increased to higher levels in the PM. When the concentration of pH was near to middle level (coded values, +1 to 0.0), the antibacterial activity increased with increasing concentration of starch from 15 to 20 g/l (coded values, -1 to +1). Further reduction in pH from 8.5 to 8, its low level (coded values, 0.0 to -1) resulted in significant increase in antibacterial activity ( fig. 2b) . Decreasing the concentration of KNO 3 from 4 to 3 g/l (coded values, +1 to -1) resulted in a gradual increase in the antibacterial activity at lower pH
(coded values, -0.5 to -1; fig. 2c ). Thus it is evident that the medium composition significantly affected fermentation process.
In order to validate the model and regression equation, validation experiments were performed in triplicate with the optimal (predicted) medium. A quadratic model predicted that the maximum antibacterial production was 612.01 U/ml (E. coli), 615.01 U/ml (S. aureus), when optimum values of independent variables were at starch-20.0 (g/l), KNO 3 -3.0 (g/l) and pH-8. The maximum antibacterial activity was found to be 616.66±5.773 U/ml (E. coli), 620.00±10.00 U/ml (S. aureus), suggesting that the predicted and experimental values were in good agreement. By means of optimizing the medium composition, the antibacterial activity was enhanced from 440±0.00 U/ml (E. coli), 440±10.00 U/ml (S. aureus) to 616.66±5.773 U/ml (E. coli), 620.00±10.00 U/ml (S. aureus).
The culture supernatant was extracted with each solvent separately (1:1) and both the aqueous and organic layers of all the solvents were tested for antibacterial activity. Ethyl acetate extract gave highest antibacterial activity when compared to hexane, butanol and chloroform extracts and hence ethyl acetate was used for the extraction process. The brown to dark reddishorange colored crude extract partial purification on TLC plate revealed many bands in UV transilluminator (Table 11 ).
The selection of basal PM (PM 4) among different production media, optimum incubation period (168 h) and sea water dependence (70 % v/v sea water) of antibiotic production were done by a series of traditional approach of optimization studies.
Complex media are used rather than defined media for optimization studies since antibiotic producing organisms usually produce limited quality and quantities of their antibiotics in defined media [15] . Generally, Streptomycetes exhibit variability in growth and antibiotic production in complex media [16] . Like many other complex medium components, sea water has non-defined composition [17] that provides complex ionic sources, which make the medium suitable for marine microorganisms and also buffer the medium. It has been reported that 30 % sea water is optimum to produce maximum antimicrobial metabolites by S. rochei [18] . Significant positive variables, as well as their levels, picked up by PBD revealed that starch, KNO 3 and pH are the important factors and assisted in moving towards the neighbourhood of the optimum response by steepest ascent path. RSM is a paramount statistical technique that disclosed optimum levels of significant individual variables and their interaction effects. BBD analysis of the quadratic regression model coefficients indicated that the pH had a significant effect showing maximum antibacterial production at pH 8.0, speculating the probability of degeneration or inactivation of the key enzymes that dominate antibiotic synthesis at high and/or low pH. This result was found to be in good agreement with the previous reports [19] [20] [21] . Starch proved to be the best for both cell growth as well as antibiotic production at 20.0 g/l as a sole carbon source. Similar results were reported by Jose et al., and Hamza et al. [22, 23] specifying starch as a significant medium component for antibiotic production. The optimum level of KNO 3 for antibacterial production was found to be 3.0 g/l. Ali et al. [19] reported that S. mesioensis produced maximum antibiotic with KNO 3 at 2.5 g/l which is in near agreement with our results. It could be concluded that starch and KNO 3 were the best carbon and nitrogen sources for maximum antibacterial production. After statistical optimization, the optimum levels of starch, pH, KNO 3 , 70 % v/v sea water for a period of 168 h of incubation under laboratory scale submerged fermentation process, 1.4 fold increase in antibacterial activity was obtained. The current study served as an excellent reminder that traditional and statistical approach of optimization of medium and fermentation conditions continue to be very effective in improving the yield of antibacterial metabolites by S. parvulus strain sankarensis-A10. TLC-based partial purification and bioassay of the recovered fractions revealed the presence of four active compounds, which gave rise to a probability of new bioactive compound(s) existing in the crude extract. A previous study reported also active compounds with relatively lower R f values of 0.11 and 0.29 from S. parvulus ICN698 [24] . Genome sequence and antiSMASH analysis predicted 21 (chromosome) and 3 (plasmid) gene clusters related to secondary metabolites in S. parvulus 2297 [25] revealing its hidden potential for biosynthesizing surplus secondary metabolites more than the actual number of compounds reported from it. It is also reported that "one strain many compounds" approach represented an effective avenue for activating silent or poorly expressed genes and metabolic pathways [2] . Hence, it could be predicted that multiple compounds responsible for improved antibacterial activity (additive) during the course of optimization of fermentation process by PBD and RSM.
Temporal nature of antibiotic formation is certainly genetic, but their expression can be influenced greatly by environmental manipulation. The present work primarily focused on studying the potential of S. parvulus strain sankarensis-A10 through antibacterial activity, PM optimization, partial purification by TLC and bioassay-based detection of active compounds of the crude extract. Further studies on purification and structural elucidation of active compounds are currently in progress. It is expected that the current attempt to optimize antibiotic production from the ubiquitous species of actinomycetes, S. parvulus strain sankarensis-A10 from Visakhapatnam coastal marine ecosystem would help in the isolation and identification of novel antibiotics and/or could be a novel source of antibiotics previously reported. Furthermore, upon the structural characterization of these lead molecules, the present information could be considered fundamental and useful for subjecting the biosynthetic machinery of S. parvulus strain sankarensis-A10 to scale-up fermentation process for obtaining a single lead molecule on large scale and/or subjecting to combinatorial biosynthetic strategies for more than one antibiotic production.
Target-based high-throughput screening and optimization of PM for actinomycin D using traditional approach by various strains of S. parvulus have been reported till date. This is the first report on enhanced antibiotic production using S. parvulus strain sankarensis-A10 by optimization of medium and fermentation conditions employing traditional and DOE approaches, which ultimately lead to the production of more than one bioactive compounds (partially purified) with antibacterial activity revealing its hidden potential for biosynthesizing surplus secondary metabolites and could be a source for supply of natural products-based novel lead molecules to the pharmaceutical pipeline.
